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Abstract 
 
The Indian nuclear power programme envisages use of closed nuclear fuel cycle and thorium 
utilisation as its mainstay for its sustainable growth. The current levels of deployment of nuclear 
energy in India need to be multiplied nearly hundred fold to reach levels of electricity generation that 
would facilitate the country to achieve energy independence as well as a developed status. The Indian 
thorium based nuclear energy systems are being developed to achieve sustainability in respect of fuel 
resource along with enhanced safety and reduced waste generation.   Advanced Heavy Water Reactor 
and its variants have been designed to meet these objectives. The Indian High Temperature Reactor 
programme also envisages use of thorium-based fuel with advanced levels of passive safety features.  
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1. Introduction 
 
    The global profile of nuclear power installed capacity has been nearly dormant (see Figure-1) for the 
past two decades, with a comparatively higher growth mainly achieved in the fast growing economies 
of China and India.  
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Fig.1. Profile of nuclear power installed capacity 
 
    Considering the progressive depletion of fossil fuel reserves, and the urgent need for addressing the 
global warming related concerns, nuclear energy is expected to emerge as a major option to 
substantially contribute to meeting the future global energy needs. The trend of the data provided in the 
Human Development Report 2007/2008 [1] suggests that a per capita electricity consumption of at least 
5000 kWh/year is needed for reaching a state of moderately high human development. With this 
stipulation, together with the expectation that at least half of the total energy demand may need to be 
met with nuclear, a simple calculation shows that the world may eventually need between 3000 to 4000 
nuclear power reactors of different capacities for electricity generation. The number may at least 
double with the use of nuclear energy to provide an alternative to fluid fossil fuels, in the form of 
hydrogen and synthetic liquid fuels, for transportation applications. The goal of attaining such a large 
population of nuclear power reactors is independent of any projected scenario for growth; although a 
scenario will help in estimating the time when the goal can be reached. It is also worth noting that a 
large number of these reactors may need to be located in regions with high population densities. Thus, 
while the first “wave” of nuclear reactors appeared in developed countries, the second “wave” of 
reactors is expected to occur in countries, which still have substantial gap between projected demand 
and projected sustainable energy resources. 
2. Challenges of large-scale nuclear growth 
    Although there is an inevitable need to substantially enhance the global reach and volume of nuclear 
power deployment for a wide variety of applications, the fact remains that since 1985 the spread of 
nuclear power to new countries has remained dormant, with no further addition to the number of 
countries with nuclear power reactors either under construction or in operation (see Figure-2) [2]. 
Even in those potential newcomer countries, where there is a demand for nuclear power based on 
economic considerations, its penetration has not occurred. 
 
 
 
 
 
 
 
 
 
 
 
36  Ratan Kumar Sinha / Energy Procedia 7 (2011) 34–50
 
Fig.2. Time line of the growth in number of countries with nuclear power reactors  
 
    The interlinked issues of proliferation concerns and vulnerability to supply shocks have been major 
impediments to enhance penetration of nuclear power to new countries.  In addition, there have been 
impediments for growth in nuclear share in the energy mix in several countries having nuclear power, 
on account of one or more of the different factors, including economics, concerns about safety and 
nuclear waste. Some of these concerns are vaguely reflected as ‘public perception’, which appears to be 
a dominant force in some democratic countries. In order to facilitate large-scale nuclear power 
deployment in the world, both in terms of extending its reach to a large number of countries of the 
world, and increasing the nuclear share everywhere, there is a need to consider solutions to these 
issues, that would be sustainable.  
    In terms of public perceptions towards issues affecting sustainable use of nuclear power, safety and 
security of nuclear installations and waste management perhaps form the major areas of concern. From 
a point of view of achieving fuel cycle sustainability, issues related to waste management, resource 
sustainability and proliferation resistance seem to be the dominating factors. 
    There are some international initiatives that are already in place to address the aforementioned 
aspects related to enhanced nuclear deployment. Generally, they either adopt large sizes to take 
advantage of economics of scale or propose small and medium sizes to facilitate economics of large-
scale production and passive safety features. Construction and maintenance technologies have also 
substantially progressed to enhance the economics of nuclear power in several regions. To address 
safety issues, the new designs lean towards strengthening the different levels of defence-in-depth and 
adoption of redundancy, diversity and additional inherent and passive safety features. Both economics 
and safety and security are thus seen to be already addressable through the use of technological 
innovations. Three additional aspects, namely, resource sustainability, nuclear waste, and proliferation 
resistance do not generally seem to have been in focus for the implementation of solutions based on 
technological innovations. 
    To facilitate sustainable global large-scale deployment of nuclear energy, the solutions should 
include deployment of proliferation resistant technologies together with a robust framework for 
international cooperation, to address both proliferation and fuel supply concerns. The criteria for the 
safety, for these systems should be consistent with the increase in the number of nuclear facilities, and 
should address a possible need to locate these facilities close to population centers, in accordance with 
siting rules generally applicable to conventional major industrial facilities. Economic competitiveness 
is a function of time frame, geographical region and application area of deployment. Logically, 
therefore, the innovative systems should be economically competitive to facilitate their early and wide 
deployment. The challenges associated with the various aspects of global expansion of nuclear power 
are thus quite substantial. In this context, a crisp and focused goal, that would be of a high priority for 
many developing countries, with large unfulfilled energy demands and high population densities, can 
be stated in the following words [2]: 
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    “Four decades from now, in any country of the world, it should be possible to start replacing fossil 
fuelled power plants, at the same urban or semi-urban site where these are located, with advanced 
Nuclear Power Plants (NPPs) that would, more economically, deliver at least twice the power that was 
being produced by the replaced plants”. 
 
 
    In a scenario of large-scale nuclear power deployment, mainly in developing countries, some of them 
with large population densities, it will be necessary to minimise the infrastructural burdens and 
overheads on siting, security and implementation of safeguards. Adoption of innovative technological 
solutions to an optimum extent seems to be the only long-term solution. It is important, therefore, to 
explore technological solutions that minimise dependence upon institutional approaches and reduce 
vulnerability to external and internal threats through passive means. 
 
3. Safety and security in a large-scale deployment scenario: Main components of a technological 
approach 
    Perhaps the most important aspect of gaining public acceptance is addressing the need for enhanced 
safety. For a large-scale deployment to be sustainable, it is required that under all circumstances there 
is no unacceptable radiological impact outside the plant boundary. This should hold not only with 
failure of all active systems, and failure of external infrastructure to provide coolant, power and other 
services, but also even in the case of malevolent acts by an insider and inability of plant operators to 
manage the events and their consequences, for a significantly long time. In such a case, technological 
solutions become imperative to meet the design objectives.  
    Consider a scenario, wherein, a robust structural containment exists to protect internal systems 
against external threats (Figure-3).  
 
 
 
Fig. 3.Safety and Security – an envisaged scenario  
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Fig.4. Schematic of AHWR300-LEU main systems 
 
    It is required that even with (a) non-availability of all services and functions located outside the 
containment, including control room functions and operator actions, and (b) non-functionality or 
compromised functionality of any instrumentation and electrical systems located inside the 
containment, there should be no unacceptable radiological impact outside the plant boundary. This can 
be ensured by ensuring capability for safe shutdown of the reactor without operator intervention, 
availability of an adequate capacity heat sink, either inside the containment, or accessible across 
containment structure and passive transfer of decay heat to the heat sink. These principles can be 
implemented in several reactor configurations. The Indian Advanced Heavy Water Reactor (AHWR), 
described in the paper, serves to illustrate the case of a mature design that has already incorporated 
these features in its design. In addition to technological innovations to improve safety, the AHWR can 
also provide significant improvements in other areas of sustainability. An example of this is the 
AHWR300-LEU reactor described below, which uses low enriched uranium (LEU) in a thorium 
matrix. 
4. AHWR300-LEU 
    AHWR300-LEU [3] is a 300 MWe, vertical, pressure-tube type, boiling light water-cooled, and 
heavy water-moderated reactor. The reactor incorporates a number of passive safety features and is 
associated with a fuel cycle having reduced environmental impact. The schematic of the main systems 
is shown in Figure-4. 
    The AHWR300-LEU fuel cluster (Figure-5) contains 54 fuel pins arranged in three concentric 
circles surrounding a central displacer assembly. The Zircaloy-2 clad fuel pins in the three circles, 
starting from the innermost, contain 18%, 22% and 22.5% of LEUO2 (with 19.75% enriched uranium) 
respectively, and the balance ThO2. The average fissile content is 4.21%. 
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Fig.5. AHWR300-LEU fuel cluster  
 
    The Main Heat Transport (MHT) System transports heat from fuel pins to steam drum, using boiling 
light water, as the coolant under natural circulation. The MHT system consists of a common circular 
inlet header from which feeders branch out to the coolant channels in the core. The outlets from the 
coolant channels are connected to tailpipes carrying steam-water mixture from the individual coolant 
channels to four steam drums. Steam is separated from the steam-water mixture in steam drums, and is 
supplied to the turbine. The condensate is heated in moderator heat exchangers and feed heaters and is 
returned to steam drums by feed pumps. Four downcomers connect each steam drum to the inlet 
header. 
    The Emergency Core Cooling System (ECCS) is designed to remove the core heat by passive means 
in case of a postulated Loss of Coolant Accident (LOCA). In the event of a rupture in the primary 
coolant pressure boundary, the cooling is initially achieved by passive initiation of a large flow of 
water from accumulators. Later, cooling of the core is achieved by the passive  injection of cold water 
from an 8000 m3 Gravity Driven Water Pool (GDWP) located near the top of the reactor building. In 
AHWR300-LEU, subsequent to energy absorption in GDWP in vapour suppression mode, the Passive 
Containment Cooling System (PCCS) provides long-term containment cooling following a postulated 
LOCA. GDWP serves as a passive heat sink yielding a grace period of three days. The core is 
submerged in water from GDWP long before the end of this period. 
    The AHWR300-LEU has a double containment. For containment isolation, a passive system has 
been provided in AHWR300-LEU. The reactor building air supply and exhaust ducts are shaped in the 
form of U-bends of sufficient height. In the event of LOCA, the containment pressure drives water into 
the U-bends of the ventilation ducts. Water in the U-bends acts as a seal between the containment and 
the external environment, thus, providing the necessary isolation between the two. The major 
parameters of this reactor are listed in tables 1 and 2. 
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Table 1: AHWR300-LEU design parameters 
Reactor power 920 MWth, 300 MWe    
Core configuration Vertical, pressure tube type design 
Coolant Boiling light water 
Number of coolant channels 444 
Pressure tube ID 120 mm 
Lattice pitch 225 mm (square pitch) 
No. of pins in fuel cluster 54 
Active fuel length 3.5 m 
Total core flow rate 2141 kg/s  
Coolant inlet temperature 259 °C (nominal) 
Feed water temperature 130 °C 
Average steam quality 19.1 % 
Steam generation rate 408 kg/s 
Steam drum pressure 70 bar 
MHT loop height 39 m 
Primary shut down system 45 shut off rods 
Secondary shut down system Liquid poison injection in moderator 
No. of control rods 24 
Passive Poison Injection Poison injection through a passive valve actuated 
by increased steam pressure 
 
Table 2: AHWR300-LEU Physics Parameters 
Properties Value 
Average discharge burnup (MWd/t) 64,000 
Energy extracted per tonne equivalent 
mined uranium (MWd/t) 
7,826 
Power from thorium (%) 39 
Number of control rods 
(Worth in mk*) 
Absorber rod: 
Regulating rod: 
Shim rod: 
8 (10.9) 
8 (11.6) 
8 (9.9) 
Regulating rod worth in normal operating 
condition (67% in) (mk) 
5.33 
Number of shutoff rods (Total worth in mk) 45 (-83.25) 
Total worth of shutoff rods if two maximum 
worth rods are unavailable (mk) 
-60.28 
Peaking factors  (Local/Radial/Axial/Total) 1.35 / 1.2 / 
1.29 / 2.1 
Fuel temperature coefficient ( k/k/K) -2.82x10-5 
Channel temperature coefficient ( k/k/K) -3.73x10-5 
Void coefficient ( k/k/% void) -8.72x10-5 
Moderator temperature coefficient ( k/k/K) -3.09x10-5 
*mk = milli k = 1000x ρ (reactivity),  ρ= (keff-1)/ keff 
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    The AHWR300-LEU was designed with an aim to achieve all the sustainability parameters 
necessary for meeting the requirements for large-scale deployment of nuclear power. Hence, it has 
features, as brought out in the following paragraphs, which make it attractive from the point of view of 
economics, safety, resource sustainability, and proliferation and waste management. 
5. Improved economics 
    AHWR300-LEU possesses several features that are likely to reduce its capital and operating costs. 
Some of them are listed below: 
 
 Using heavy water at low pressure reduces potential for leakages.  
 Recovery of heat generated in the moderator for feed water heating.  
 Elimination of major components and equipment such as primary coolant pumps and drive motors, 
associated control and power supply equipment and corresponding saving of electrical power 
required to run these pumps.  
 Shop-assembled coolant channels, with features to enable quick replacement of pressure tube alone, 
without affecting other installed channel components.  
 Inherent advantages of using high pressure boiling water as coolant  
- Elimination of steam generators  
- Use of high-pressure steam  
 Production of 500 m3/day of demineralised water in multi-effect desalination plant by using steam 
from LP Turbine (for plants located on the sea coast). 
 Hundred years design life of the reactor. 
 
6. Advanced safety features 
    AHWR300-LEU provides a robust design against external as well as internal threats, including 
insider malevolent acts. This feature contributes to outstanding security of the reactor through 
implementation of technological solutions. 
    One of the most important design objectives of AHWR300-LEU is to eliminate any significant 
radiological impact and therefore the need for evacuation planning in the public domain in a large-scale 
deployment scenario. This may facilitate siting of these reactors close to population centers. Some 
important safety features of AHWR300-LEU are given below: 
 
 Slightly negative void coefficient of reactivity.  
 Passive safety systems working on natural laws. 
 Large heat sink in the form of Gravity Driven Water Pool with an inventory of 8000 m3 of water, 
located near the top of Reactor Building. 
 Removal of heat from core by natural circulation. 
 The fuel assembly in AHWR300-LEU incorporates a multi-purpose displacer assembly for the 
spraying of ECCS water directly on fuel pins during a postulated LOCA. This also helps achieving 
negative void coefficient. 
 Two independent shutdown systems (primary and secondary). 
 Passive poison injection in moderator in the event of non-availability of both the primary as well as 
secondary shut down systems due to failure or malevolent insider action. 
 AHWR300-LEU employs natural circulation for removal of heat from the reactor core under 
operating and shutdown conditions. All event scenarios initiating from non-availability of main 
pumps are, therefore, excluded. 
 The reactor physics design of AHWR300-LEU is optimised to achieve high burn-up with the LEU-
Thorium based fuel along with inherent safety characteristics like negative reactivity coefficients. 
The design provides for inherent safety characteristics through achievement of required reactivity 
coefficients, e.g.  
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- Sufficient reactivity worth of shutdown systems is ensured under all accidental conditions, 
including LOCA and LORA (Loss Of Regulation Accident), even with two maximum worth 
shutoff rods being unavailable.  
 
 
- All reactivity and power coefficients, liable to be encountered during reactor startup, LOCA 
and under long shutdown, are ensured to be negative. 
 
    The effectiveness of these passive features has been demonstrated by a number of numerical 
calculations as well as by extensive experimentation. One such case is demonstrated in Figure-6. Due 
to passive systems, peak clad temperature hardly rises even in the extreme condition of complete 
station blackout and failure of primary and secondary shutdown systems. 
    One of the design objectives is to make a technology case for no exclusion zone beyond plant 
boundary, because of its above-mentioned advanced safety features.  
 
Fig.6.Variation of peak-clad temperature 
 
7. Improved resource utilisation as compared with modern Light Water Reactors (LWRs)  
 
    The fuel is currently designed for an average burn-up of 64 GWd/t and has significant thoria 
percentage. In comparison to modern LWRs (an advanced Pressurised Water Reactor (PWR) of 60 
GWd/t burnup (refer Table-3) being considered for International Project on Innovative Nuclear 
Reactors and Fuel Cycles (INPRO) Collaborative Project Global Architecture of Innovative Nuclear 
Energy Systems Based on Thermal and Fast Reactors Including Closed Fuel Cycle (GAINS) [4]) the 
AHWR300-LEU, if operated in once-through mode, requires about 5.7% less mined natural uranium 
for the same quantity of energy produced.   
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Table 3: Salient parameters of a modern LWR [4]  
Power rating 1500 MWe/ 
4410 MWth 
Operation cycle length 440 EFPD 
No. of refueling batches 4 
 Initial 
Loading 
Reload Discharge Full core 
discharge at 
retirement 
Uranium 
(Tons) 
128.9 
(3.4% 
fissile) 
32.23 
(4.95 % 
fissile) 
29.76 
(0.85% 
fissile) 
122.51 
(2.05% 
fissile) 
Plutonium 
(kg) 
NIL NIL 415.5 
(64.54% 
fissile) 
1258 
(72.8% 
fissile) 
Minor 
Actinides 
(kg) 
NIL NIL 44.87 91.90 
 
 
 
     Additionally, uranium in the spent fuel contains about 8% fissile isotopes, and hence is suitable to 
be reused in other reactors. It is also possible to reuse the plutonium from spent fuel in fast reactors.  A 
comparison of mined uranium requirement is shown in Figure-7. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.7. Comparison of mined uranium 
 
The reactor is configured to obtain a significant portion of power by fission of 233U derived from in-situ 
conversion from 232Th. On an average, about 39% of the power is obtained from thorium. 
 
8. Enhanced level of proliferation resistance   
    In addition to better utilisation of natural uranium resources, as compared to a modern LWR, 
AHWR300-LEU offers significant advantages in terms of proliferation resistance. As a result of its 
mixed fuel, the 300 MWe plant produces only 21% of the Plutonium as compared to a modern LWR 
(Figure-8).   
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Fig.8.Comparison of plutonium production per unit energy 
 
   
 
  Further, the Plutonium from AHWR300-LEU spent fuel contains ~56% fissile isotopes, while those 
from LWR spent fuel contains ~65% fissile isotopes. Also, fraction of 238Pu in total plutonium,  
responsible for high heat generation, is ~10%, as against a much lower fraction in modern LWRs, thus 
making the Plutonium from AHWR300-LEU spent fuel much less attractive for proliferation. Figure-9 
shows a comparison of the total plutonium at different burnups, against other reactors. 
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Fig.9. Comparison of the total plutonium at different burnups 
 
    An additional aspect of proliferation resistance is the appreciable quantities (~200 ppm) of 232U in 
the uranium from spent fuel of AHWR300-LEU. The daughter products of 232U emit high-energy 
gamma radiation. This makes it possible to re-use uranium in other reactors in a proliferation resistant 
manner.  
    It may be further noted that due to its significant percentage of thoria, conventional approaches for 
dissolution are highly inefficient, thus making reprocessing more difficult. 
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9. Reduced environmental burden due to reduced waste generation as compared to modern 
LWRs 
 
    The AHWR300-LEU fuel contains a significant fraction of thorium as a fertile host. Thorium being 
higher in the periodic table, the quantity of minor actinides is significantly reduced. As compared to the  
modern LWR, referred to in the previous section, for the same amount of energy produced, 
AHWR300-LEU results in 37% less minor actinides (Figure-10). This will obviously lead to a reduced 
burden on waste disposal requirements, especially in view of the fact that a major portion of the future 
nuclear reactors may be deployed in countries with large population. 
    Further, thorium oxide is eminently suitable for long-term storage because of the inert matrix. It is 
on account of this inert nature of the matrix, reprocessing of the AHWR300-LEU fuel poses relatively 
complex challenges. With this feature, even with a fuel cycle designed in a once through mode, the 
spent fuel can be kept stored at the plant site for prolonged durations, in interim storage facilities. 
 
Fig.10. Comparison of minor actinide production per unit energy 
 
 
10. Indian high temperature reactor programme  
    In order to find an alternative energy carrier such as hydrogen for transport applications, production 
of hydrogen using nuclear energy seems to be one of the most advantageous long-term options. Current 
emphasis is on development of technologies for hydrogen production by splitting water, utilising high 
temperature process heat produced by high temperature nuclear reactors. Considering anticipated 
demands and deployment of such reactors in large numbers, an emphasis has been put on inclusion of 
inherently safe design features and development of passive design options, so as to ensure increased 
safety margins. Under its high temperature reactor programme, currently India is developing a 
Compact High Temperature Reactor as a technology demonstrator for associated technologies. In 
addition, several design options for a 600 MWth Innovative High Temperature Reactor for commercial 
hydrogen production are also being evaluated. 
 
11. Compact High Temperature Reactor (CHTR) 
    The CHTR [6] is 233U-thorium fuelled, lead-bismuth cooled and beryllium oxide (BeO) moderated 
reactor. Initially, being developed to generate about 100 kWth power, the reactor with a core life of 
around 15 years will have several advanced passive safety features. The reactor is being designed to 
operate at 1000 °C to facilitate demonstration of technologies for hydrogen production by splitting 
water through high efficiency thermo-chemical process. The reactor is modular in design. The reactor 
core consists of nineteen hexagonal shaped BeO moderator blocks. These blocks contain centrally 
located graphite fuel tubes. Each fuel tube carries fuel inside longitudinal bores made in its wall. The 
fuel tube also serves as coolant channel. Molten lead-bismuth eutectic (LBE) alloy has been chosen as  
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coolant, mainly to achieve a higher level of safety. Thorium-233U based fuel compacts are made-up of  
Tri Isotropic (TRISO) coated particle fuel, facilitating high burnup and high temperature process heat 
production. Blocks of BeO reflector surround the moderator blocks, which in turn are surrounded by 
graphite reflector blocks. The core is contained in a reactor shell of a material resistant to corrosion 
against LBE alloy coolant, and suitable for high temperature applications. Above and below the reactor  
shell, plenums are provided for coolant exit and entry into the core, respectively. The reactor shell is  
surrounded by two gas gaps that act as insulators during normal reactor operation. These gas gaps help 
in dissipating neutronically limited power to an external sink, in case of a postulated accident. A 
passive system has been provided to fill these gas gaps with molten metal under such condition. 
Nuclear heat from the core is removed passively by natural circulation based flow of coolant between 
the two plenums, upward through the fuel tubes and returning through the down-comer tubes. A set of 
sodium heat pipes is provided to passively transfer heat from the hot coolant to the heat utilisation 
vessels, which provide an interface to systems for high temperature process heat applications. For 
reactor control and shutdown, tantalum alloy based control and shut-off rods have been provided. 
Major design and operating parameters of CHTR are shown in Table-4.  
Table 4: Major design and operating parameters of CHTR 
Attributes Design Parameters 
Reactor power 100 kWth 
Core configuration Vertical, prismatic block type 
Fuel 233U and Th based TRISO coated 
fuel particles shaped into fuel 
compacts with graphite matrix 
Fuel enrichment by 
233U 
33.75% 
Refuelling interval 15 effective full power years 
Fuel Burnup  68000 MWd/t of heavy metal 
Moderator BeO 
Reflector Partly BeO and partly graphite 
Coolant Molten Pb-Bi eutectic alloy 
(44.5% Pb and 55.5% Bi) 
Mode of core heat 
removal 
Natural circulation of coolant 
Coolant flow rate 
through core  
6.7 kg/s 
Coolant inlet 
temperature  
900 °C 
Coolant outlet 
temperature  
1000 °C 
Loop height  1.4 m (actual length of  fuel tube) 
Core diameter 1.27 m 
Core height 1.0 m (Height of the fuelled part 
and axial reflectors) 
Primary shutdown 
system 
Mechanical shut-off rods  
Secondary 
shutdown system 
Axial movement of movable BeO 
reflector blocks 
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Figure-11: Schematic and cross-sectional layout of CHTR 
    Schematic and cross-sectional layout of the reactor core is shown in Figure-11. At present, detailed 
design of the reactor and associated systems is in progress. Experimental facility to carry out various 
studies related to liquid metals has been setup. The manufacturing capabilities for BeO, carbon 
components, and TRISO coated particle fuel have been demonstrated. Subsequent to the manufacture 
of fuel, materials and other systems, a critical facility for CHTR would be set up.  
12. Inherent safety features and passive systems 
    CHTR is being designed to have many features, which make it inherently safe. In addition, many 
passive systems have been incorporated for reactor shutdown and reactor heat removal under normal 
and postulated accident conditions. The reactor possesses following inherent safety features: 
 
 A strong negative Doppler coefficient of the fuel for any operating condition results in reactor power 
reduction in case of fuel temperature rise, during any postulated accident scenario; 
 High thermal inertia of the all-ceramic core and low core power density results in very slow 
temperature rise of the reactor core components as well as fuel during a condition when all heat 
sinks are lost; 
 A large margin between the normal operating temperature of the fuel (around 1100 °C) and the 
allowable limit of the TRISO coated particle fuel (1600 °C) to retain fission products and gases 
results in their negligible release during normal operating conditions. This also provides a healthy 
margin to take care of any unwanted global or local power excursions; 
 A negative moderator temperature coefficient results in lowering of reactor power in case of 
increase in moderator temperature due to any postulated accident condition; 
 Due to use of lead-bismuth (Pb-Bi) eutectic alloy based coolant having very high boiling point 
(1670 °C), there is a very large thermal margin to its boiling, the normal operating temperature being 
1000 °C. This eliminates the possibility of heat exchange crisis and increases the reliability of heat 
removal from the core. The coolant operates at low pressure; 
 The coolant, which is maintained in inert gas atmosphere, is itself chemically inert. Even in the 
eventuality of accidental contact with air or water, it does not react violently with explosions or 
fires; 
 In case of a primary system leakage, coolant solidifies and prevents further leakage; 
 The thermal energy stored in the coolant, which is available for release in the event of a leak, or 
accident is small; 
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 Very low pressure in the coolant allows use of a graphite/ carbon based coolant tube, having low 
neutron absorption cross-section, thus improving neutronics of the reactor; 
 The coolant has a low induced long-lived gamma activity; 
 In case of a leakage, the coolant solidifies and retains iodine and other radionucleides; 
 
 For Pb-Bi coolant, the reactivity effects (void, power, temperature, etc.) are negative; thus, reducing 
the reactor power in case of any inadvertent power or temperature increase; 
 
CHTR design also incorporates many passive systems as listed below:    
 
 Passive core heat removal under normal operation: During normal operation of the reactor, the core 
heat is removed by natural circulation of lead-bismuth eutectic alloy coolant. The main coolant-
circulating loop comprises fuel tubes, down-comers and top and bottom plenums. The coolant at 
900 °C enters the fuel tube in lower plenum, takes the reactor heat, and at 1000 °C it is delivered to 
the upper plenum.     
 Passive shutdown system: This system consists of a set of seven shut-off rods, made of tantalum 
alloy, and held on top of the reactor core by individual electro-magnets. Magnetic power of these 
magnets is energised by a set of low power batteries.  These shut-off rods are passively released 
under abnormal conditions.  These shut-off rods fall in the central bore of the fuel tubes provided 
for coolant flow. This is a fail-safe system, so that in case of loss of power from batteries, the shut-
off rods would fall and shutdown the reactor.   
 Passive transfer of heat to secondary system: A set of twelve high temperature sodium heat pipes 
passively transfer heat from upper plenum of the reactor to a set of heat utilisation vessels which 
are kept directly above the upper plenum.   
 Passive heat removal under postulated accident conditions: CHTR has two independent and 
redundant passive heat removal systems to cater to different postulated accident conditions. These 
heat removal systems, which are individually capable of removing neutronically limited power, 
may operate together or independently to prevent the temperature of the core and coolant from 
increasing beyond a set point. For the loss of load condition, when coolant circuit is intact, a 
system of six variable conductance sodium heat pipes dissipates heat to the atmosphere. Another 
passive heat removal system involves filling of the two gas gaps, provided outside the reactor 
vessel, by siphon action with a molten metal to provide a conduction heat path from reactor core to 
heat sink provided outside the outer steel shell.   
13. Innovative High Temperature Reactor (IHTR) 
BARC is carrying out design of a 600 MWth reactor [6] for commercial hydrogen production. For this 
reactor various design options as regards fuel configurations, such as prismatic bed and pebble bed 
were considered for thermal hydraulics and temperature distribution analysis. Coolant options such as 
molten lead, molten salt and gaseous medium like helium were analysed. Besides these, other criteria 
such as ease in component handling, irradiation related material and fuel degradation, better fuel 
utilisation and passive options for coolant flow etc. were also considered. Initial studies carried out 
indicate selection of pebble bed reactor core with either lead or molten salt-based coolant. These would 
be finalised after carrying out further studies. Schematic of IHTR is shown in Figure-12. Many of the 
technologies developed for CHTR would be utilised for this reactor. There are plans to setup 
engineering laboratories for carrying out research and development related to reactor components, 
coolant technologies, reactor safety, fuel and material development, and other aspects related to such 
high temperature reactors. 
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Fig.12.Schematic of IHTR 
 
14. Conclusion 
 
    The results of several studies indicate a significant increment in the energy demand worldwide. 
Considering sustainability concerns, a multi-fold increment in growth of nuclear power seems 
inevitable. This requires satisfactory technological response to challenges of very high level of safety 
and security, high degree of fuel use efficiency, superior waste disposal options, and non-proliferation 
properties. From the results of the studies included in the paper, it can be seen that thorium based fuel 
addresses many of the above-mentioned issues. AHWR and AHWR300-LEU provide solutions to these 
concerns to a large extent. Indian high temperature reactor programme, additionally, will provide 
alternate fuel for transport sector.      
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